Pre-eclampsia shares pathophysiology with intrauterine growth restriction.
Study design
We studied a cohort from the Dutch Perinatal Registry of 265,031 women with 1 st and 2 nd singleton pregnancies who delivered between 2000 and 2007. We analyzed 2 nd pregnancy risks of early and late onset pre-eclampsia-defined by delivery before or after 34 gestational weeks-as well as SGA below the 5 th and between the 5 th and 10 th percentiles risks with multivariable logistic regressions. Interaction terms between 1 st pregnancy hypertension, pre-eclampsia, SGA, and delivery before or after 34 gestational weeks were included in the regressions.
Results
First pregnancy early onset pre-eclampsia increased risk of SGA <5 th percentile (OR 2.1, 95% CI 1.7-2.7) in the 2 nd pregnancy. Late onset pre-eclampsia increased the SGA <5 th percentile marginally (OR 1.1, 95% CI 1.0-1.3). In the absence of 1 st pregnancy hypertensive disorder, women who delivered an SGA infant in their 1 st pregnancy were at increased risk of 2 nd pregnancy late onset pre-eclampsia (SGA <5 th : OR 2.05, 95% CI 1.58-2.66; SGA 5-10 th : OR 1.39, 95% CI 1.01-1.93). Early onset 2 nd pregnancy pre-eclampsia risk was also increased, but this was only statistically significant for women who delivered an SGA 
Introduction
Globally, one in twenty pregnancies is complicated by pre-eclampsia. [1] Its occurrence imposes significant morbidity and mortality risks on both mother and fetus, especially in developing countries. [2, 3] The severity of adverse outcomes has a strong association with gestational age of onset. Occurrence late in the pregnancy is generally associated with better outcomes, while early onset often leads to unfavorable results. [4] [5] [6] Differing pathophysiological processes have been hypothesized to justify the difference in timing. Early onset pre-eclampsia has been associated with poor placentation and dysfunctional spiral artery remodeling. These are uncommonly found in late onset pre-eclampsia, which tends to be milder, and may occur without placental dysfunction. [7, 8] Furthermore, evidence of poor placentation is not pathognomonic of pre-eclampsia, as it can also be found in association with pregnancies with no features of pre-eclampsia but which were complicated by fetal growth restriction. [9, 10] Nonetheless, this common pathophysiological feature favors parallel occurrence of preeclampsia and intrauterine growth restriction. [11, 12] Diagnosis of pre-eclampsia without severe features should currently trigger ultrasonographic investigation of the growth restriction, while evidence of intrauterine growth restriction warrants close observation for the subsequent development of pre-eclampsia. [13, 14] Furthermore, it is well established that women with pre-eclampsia in a previous pregnancy have high risk of recurrence. [15] [16] [17] [18] [19] Similarly, delivery of a small for gestational age (SGA) infant is associated with a higher risk of intrauterine growth restriction in subsequent pregnancies. [20] [21] [22] [23] The use of low dose aspirin from 12-16 weeks of gestation in women screened as high risk for either pre-eclampsia or intrauterine growth restriction is now recommended by multiple guidelines. [14, [24] [25] [26] [27] [28] Identification of women who might benefit is usually based on the presence of one or more risk factors. In addition to these, the use of biomarkers such as maternal serum pregnancy-associated plasma protein A and placental growth factor as well as other measurements such as mean arterial pressure, uterine-artery pulsatility index has been included in more complex screening algorithms. [29] Whether such algorithms are cost effective in comparison to other screening mechanisms or even a policy of low dose aspirin in every pregnancy has been put into question. [30] Presence of some risk factors, such as previous pregnancies affected by pre-eclampsia or intrauterine growth restriction are now considered sufficient to prompt the intervention with low dose aspirin. Evidence supporting other risk factors such as nulliparity, obesity and family history of pre-eclampsia is weaker, and intervention requires the combined presence of two or more factors. Efforts to clarify the relative importance of these risk factors have been limited so far and do not provide enough evidence to further refine treatment decisions. [18] Given the hypothesized pathophysiological similarities and prevention potential with aspirin, we aimed to evaluate whether delivery of an SGA infant affected the risk of early and late onset pre-eclampsia in a subsequent pregnancy, and conversely, if occurrence of early and late onset pre-eclampsia in the previous pregnancy increases SGA risk.
Methods
We conducted this study on population-based prospective cohort data that covers approximately 96% of all deliveries in the Netherlands. These data were obtained from Perined, a national registry that contains validated linked data of three different Dutch registries: the midwifery registry (LVR1), the obstetrics registry (LVR2), and the neonatology registry (LNR). It consists of information on pregnancies, deliveries and admissions up to 28 days after birth. No individual informed consent was obtained as only anonymous registry data was used in this study. The Dutch Perinatal Registry approved the use of the data in this study (approval no. 12.56).
There is no unique maternal identifier in Perined data that would allow us to identify siblings and outcomes in subsequent pregnancies as data is registered at the child's level. For this reason, a linkage procedure was performed on all available deliveries from Jan 1, 2000 to Dec, 28 2007. The procedure was based on the following variables: birth date of mother, birth date of previous child, and postal code of mother. The resulting linked cohort dataset contained information on the first and second deliveries of women. Further details on the 2000-2007 longitudional linkage procedure can be found elsewhere. [31] SGA was defined following Dutch reference charts by partiy, gender and ethnicity. [32] In this study SGA for infants with birthweights below the 10 th and below the 5 th percentiles were used. Combined presence of hypertension (either maximum diastolic blood pressure �90 mmHg or documented hypertension by the care provider) and proteinuria (�300 mg in 24 h) were the criteria for pre-eclampsia following definitions at the time of data collection. Otherwise documented pre-eclampsia was also included. Hypertension diagnosed before pregnancy or new onset hypertension before 20 weeks of pregnancy were considered as chronic hypertension following Dutch guidelines and as recorded by the care providers, either a midwife or obstetrician. Early and late onset pre-eclampsia were characterized by delivery before 34 weeks and from 34 weeks onwards, respectively, in women with pre-eclampsia.
We studied the occurrence of early and late onset pre-eclampsia in the second pregnancy and its association with 10 th and 5 th percentiles SGA infants and additional potential risk factors present in the first pregnancy. We also studied early and late onset pre-eclampsia occurrence in the first pregnancy as risk factors for delivery of an SGA infant in the subsequent pregnancy. To adjust for potential confounders the following 1 st pregnancy clinical and demographic characteristics were included in the regressions: maternal age (years), gestational age at delivery (weeks and before/after 34 weeks of gestational age), non-Caucasian ethnicity (yes or no), low socioeconomic status (yes or no), any cause hypertension (yes or no), pre-eclampsia (yes or no), chronic hypertension (yes or no), pre-gestational diabetes (yes or no), gestational diabetes (yes or no), placental abruption (yes or no), HELLP syndrome (yes or no), assisted reproduction (yes or no), spontaneous labor (yes or no), stillbirth (yes or no), neonatal mortality (yes or no), congenital abnormalities (yes or no). None of the analyzed variables contained missing values. Mann-Whitney U and Chi-square tests were used for continuous and categorical data, respectively. All variables were first evaluated with univariable logistic regressions.
In the multivariable logistic regressions for the occurrence of early and late onset preeclampsia in the 2 nd pregnancy, we assessed potential interaction effects between hypertension, pre-eclampsia, SGA below the 5 th percentile and between the 5 th and 10 th percentiles. In the multivariable logistic regressions of delivery of SGA below the 5 th percentile and between the 5 th and 10 th percentiles we evaluated potential interaction effects between delivery before completion of 34 weeks of gestation, hypertension and pre-eclampsia in the 1 st pregnancy. Interaction effects were evaluated following the same methodology we used in previously published work on this cohort that implements an alternative coding scheme initially proposed by Rothman and that was further developed by Hosmer & Lemeshow. [19, 33] In general terms, the interaction between two risk factors (A and B) is assessed through a single four-level variable (-A-B, +A-B, -A+B, +A+B), with no loss of degrees of freedom. Point estimates for each combination and associated confidence intervals are easier to interpret than with traditional interaction analysis. The record linkage procedure was performed using the R statistical software environment (version 2.13.1; R Foundation for Statistical Computing, Vienna, Austria). Statistical analyses were performed with IBM SPSS Statistics software (version 25.0.0; IBM Corporation).
Results
Data was available for 265,031 (97%) first and second singleton pregnancies from the longitudinal linked cohort. [31] There were 6375 (2.4%) women who presented with pre-eclampsia in the first pregnancy, of which 853 (0.32% of 265,031) had early onset. In the second pregnancy, 2362 (0.9%) women presented with pre-eclampsia, of whom 201 (0.07% of 265,031) delivered before the 34 th week. The prevalence of 10 th and 5 th percentiles SGA closely followed the appropriate percentiles: 9.7% and 5.1% in the first pregnancy, and 9% and 4.5% in the second. Further descriptive and analytical results are shown divided in four sections. The first section shows descriptive data by pre-eclampsia occurrence in the first pregnancy; these serve as reference for the results in the second section: analysis of the impact of pre-eclampsia occurrence in the first pregnancy on the risk of SGA delivery in the subsequent pregnancy. Similarly, the third section shows descriptive data by SGA delivery in the first pregnancy, followed by the fourth section with analysis of the effects of SGA delivery in the first pregnancy in the risk of pre-eclampsia in the subsequent pregnancy. Table 1 presents baseline demographics, comorbidities, pregnancy characteristics and neonatal outcomes according to gestational age at delivery and pre-eclampsia occurrence among women in their first pregnancy. Median maternal age was similar in the four groups, with the median age for women who presented with early onset pre-eclampsia being one year less than the other three. Median gestational age at delivery was lower by construction in the delivery before 34 weeks group and early onset pre-eclampsia group. Late onset pre-eclampsia was also associated with a lower median gestational age at delivery. Non-caucasian women were overrepresented in both groups with delivery before 34 weeks. Low socioeconomic status was less common in the group that delivered before 34 weeks and did not develop pre-eclampsia. Higher rates of SGA in the 5 th to 10 th percentile range were found in late onset pre-eclampsia as well as delivery before 34 weeks with or without pre-eclampsia. The same occurred with SGA below the 5 th percentile, and the biggest difference found was in the late onset preeclampsia group. In the absense of pre-eclampsia, hypertension was more common in the group that delivered before 34 weeks. Chronic hypertension was more frequent in the preeclampsia groups, especially in early onset. Placental abruption was more common before 34 weeks of gestation, but was also observed in late onset pre-eclampsia. HELLP syndrome was particularly present in pre-eclampsia, especially in cases with early onset. Assisted reproduction rates were higher in the three comparison groups, with the highest rate found in the late onset pre-eclampsia group. Spontaneous labor, stillbirth, neonatal mortality and congenital abnormalities were more commonly observed in case of delivery before 34 weeks of gestation.
Descriptive characteristics by time of occurrence of pre-eclampsia in the first pregnancy

Risk of SGA in the second pregnancy by gestational age at delivery, and by hypertension or pre-eclampsia occurrence in the 1 st pregnancy
Results of the multivariable regressions for delivery of an SGA infant in the 2 nd pregnancy with birthweights between the 5 th and 10 th percentiles and below the 5 th percentile, presented by gestational age at delivery and the interaction with hypertension or pre-eclampsia occurrence in the 1 st pregnancy are found in Fig 1. The risks of SGA in the 2 nd pregnancy associated with delivery of moderately or severely SGA infant in the 1 st pregnancy are also presented in Fig 1. Delivery before the 34 th week in the 1 st pregnancy was associated with increased risk of both SGA categories in the 2 nd pregnancy. If the delivery in the 1 st pregnancy occurred after the 34 th week, hypertension in the 1 st pregnancy did not substantially raise these risks, and neither did pre-eclampsia. Women who developed hypertension in their 1 st pregnancy and delivered before the 34 th week were at increased risk of SGA in the 2 nd pregnancy, although the effect size for SGA in the 5-10 th percentiles was similar to those that did not present hypertension but delivered before completion of 34 weeks of gestation. On the other hand, the combination of these two factors resulted in additional risk of SGA below the 5 th percentile in the subsequent pregnancy, when compared to women who delivered before 34 weeks but did not 
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develop hypertension. Pre-eclampsia and delivery before 34 weeks of gestation were associated with increased risk in both SGA categories, although confidence intervals overlapped with those of women not presenting with pre-eclampsia but who delivered before 34 weeks. Recurrence risks of SGA were higher with delivery in the 1 st pregnancy of infants with birthweights below the 5 th percentile when compared to the recurrence risks associated with SGA infants between the 5 th and the 10 th percentile. Stillbirth in the 1 st pregnancy was associated with a lower risk of SGA in the subsequent pregnancy in both categories (SGA below the 5 th percentile adjusted OR 0.36, 95% CI 0.29-0.44; SGA between the 5 th and 10 th percentiles adjusted OR 0.57, 95% CI 0.47-0.69). The same occurred for neonatal mortality (SGA below the 5 th percentile adjusted OR 0.74, 95% CI 0.59-0.93; SGA between the 5 th and 10 th percentiles adjusted OR 0.49, 95% CI 0.36-0.66). SGA risk in the 2nd pregnancy by gestational age at delivery, hypertension and pre-eclampsia in the 1st pregnancy. Second pregnancy odds ratios and absolute risk of SGA between the 5 th and 10 th percentile (top) and below the 5 th percentile (bottom) by groups according to gestational age at delivery, occurrence of hypertension and pre-eclampsia in the first pregnancy. SGA: small for gestational age. CI: confidence interval.
https://doi.org/10.1371/journal.pone.0230483.g001 Table 2 presents baseline data according to 1 st delivery of infants with birtweights higher than the 10 th percentile versus delivery of SGA infants in the two analyzed ranges. Median maternal ages were similar to women who delivered as was the median gestational age at delivery. Non-Caucasian women, as well as women with socioeconomic status classified as higher than the 25 th percentile were more likely to deliver an SGA infant. Hypertension, pre-eclampsia and chronic hypertension were associated with higher rates of SGA in the 1 st pregnancy, while diabetes and gestational diabetes were associated with lower rates. HELLP syndrome and placental abruption occurred more frequently in association with SGA. Assisted reproduction rates were similar in the three groups. Stillbirth, neonatal mortality and congenital abnormalities were more common in the SGA groups as was spontaneous labor. Fig 2 shows the results of the multivariable regressions on the occurrence of late and early onset pre-eclampsia in the 2 nd pregnancy by the presence of hypertension, pre-eclampsia, and delivery of an SGA infant in the first pregnancy. Women who did not present any of these risk factors had the lowest rate of pre-eclampsia occurrence in the 2 nd pregnancy. Delivery of an SGA infant slightly increased the risk of late onset pre-eclampsia, although numbers remained small in absolute terms. Hypertension and pre-eclampsia in the 1 st pregnancy were associated with large effect sizes for the ocurrence of pre-eclampsia in the 2 nd pregnancy, although concurrent delivery of an SGA infant did not appear to impose additional risk given overlapping confidence intervals. The exception to this was delivery of an SGA infant with birthweight in 
Descriptive characteristics by delivery of an SGA infant in the first pregnancy
Risk of late and early pre-eclampsia in thesecond pregnancy by hypertension and pre-eclampsia occurrence in the 1 st pregnancy
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the 5-10 th in a pregnancy complicated by hypertension and the risk of 2 nd pregnancy late onset pre-eclampsia, although taken in the context of the other results the likelihood of a false positive finding should be strongly considered. 
Even in our large cohort, the occurrence of early onset pre-eclampsia in the 2 nd pregnancy was a rare event. Second pregnancy delivery of SGA infants below the 5 th percentile in the absense of 1 st pregnancy hypertensive disorder was associated with increased risk, but absolute risks remained very small. Taking into account the less accurate point estimates due to the low number of events, the pattern of interaction between SGA, hypertension and pre-eclampsia was similar to that of late onset pre-eclampsia. We found no evidence of additional risk for early onset pre-eclampsia in the subsequent pregnancy due to delivery of an SGA infant if the first pregnancy was complicated by hypertension or pre-eclampsia.
Discussion
Main findings
Our results confirm, first of all, that the main risk factors for delivery of an SGA infant in the 2 nd pregnancy is delivery of an SGA infant in the 1 st pregnancy. For occurrence of pre-eclampsia in the 2 nd pregnancy an SGA, the main risk factor is occurrence of pre-eclampsia in the 1 st pregnancy. These established findings served as a basis for the comparisons of risks that this study focused on. [15] [16] [17] [18] [19] [20] [21] [22] [23] In the present study, we found that in the absence of pre-eclampsia or hypertension, delivery of an SGA infant in the first pregnancy increased the risk of pre-eclampsia in the following pregnancy, although the absolute risk remained small. Women who developed pre-eclampsia and delivered an SGA infant in their first pregnancy had no higher risk of recurrence of preeclampsia than women who developed pre-eclampsia but delivered an infant with a birthweight above the 10 th percentile in their previous pregnancy. In other words, the strong risk of pre-eclampsia in the 2 nd pregnancy imposed by its occurrence in the 1 st pregnancy dominates the potential additional risk imposed by the delivery of an SGA infant in the 1 st pregnancy. We have also shown that preterm delivery before the 34 th week was associated with a higher risk of SGA in the subsequent pregnancy. We found no compelling evidence that delivery before the 34 th week in the previous gestation further strongly compounded the risk of SGA if the woman also developed hypertension or pre-eclampsia in the 1 st pregnancy. Although SGA risks are slightly higher in these situations, the overlapping confidence intervals and the small size effects remain unconvincing.
Strengths and limitations
This study's main strength is that we used large sized cohort data, which was collected nationwide and encompassed approximately 96% of all pregnancies and births that occurred within the analyzed period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . The vast majority of Dutch perinatal caregivers contribute to Perined's data collection, with only 1-2% of general practitioners and 2-3% of midwives not reporting on pregnancies under their care. Nonetheless, this linked cohort dataset was found to accurately represent the Dutch national pregnancy and delivery outcomes. [31] Because of the large size of the cohort, we were able to reliably evaluate the effects of hypertension, pre-eclampsia and early preterm delivery and the interaction between these risk factors for delivering an SGA infant in a subsequent pregnancy. We were also able to study the combination of rare events, such as recurrent pre-eclampsia and delivery of SGA infants. Thus, we provide further epidemiological evidence that could potentially serve to further clarify pathophysiological mechanisms that underlie the difference in timing of onset of preeclampsia and associated intrauterine growh restriction.
The use of SGA instead of intrauterine growth restriction is a common limitation found in the literature that is shared by our study. It is clear that one is an imprecise substitute for the other, as constitutionally small infants with no additional morbidity and mortality risks may be wrongfully included in the population, while constitutionally large but growth restricted infants with a birthweight above a particular percentile may be excluded. We mitigated this problem by evaluating the efect of SGA delivery on the risk of pre-eclampsia in the subsequent pregnancy not only with the standard 10 th percentile cut-off, but also with a cut-off at the 5 th percentile. The 10 th percentile allows easy comparison of the results between studies, while using the 5 th percentile cut-off may be more rigorous with respect to identifying pathophysiological mechanisms, since it likely includes more births associated with truly pathological conditions and less constitutionally small infants. [22, 23] The effects of a number of potential confounders were taken into account, including those that are commonly excluded in other studies such as the presence of congenital anomalies, stillbirth and neonatal mortality. We considered the inclusion of these to be important since intrauterine growth restriction can be the result of multiple maternal and fetal issues, such as aneuploidies, congenital infections, and some placental and umbilical cord abnormalities, most of which are unlikely to play a significant role in pre-eclampsia risk in a subsequent pregnancy. [34] [35] [36] [37] [38] Furthermore, a priori exclusion of these three confounders would lead to misrepresentation of not only the cohort's SGA prevalences, but also of 2 nd delivery pre-eclampsia occurrence. Perined records do not include or generally underreport additional confounders that would further enrich these analyses such as BMI, smoking, medication use, pre-existing vascular and kidney disease, history of thrombophilia, paternal influence and family history of PE.
The prevalence of pre-eclampsia in the 1 st pregnancy in our data is likely to slightly underestimate the true prevalence in the Dutch population. This is because women who experienced pre-eclampsia in their 1 st pregnancy and did not deliver a 2 nd child within the data collection period were not included in our linked longitudinal dataset. The order of magnitude of this effect is uncertain, but data from a large Swedish cohort suggest that it may be small. The 1 st pregnancy pre-eclampsia rate in that cohort decreased from 4.1% to 3.9% after exclusion of women who delivered only once. [39] As a final limitation, the identification of pre-eclampsia in our data was restricted by the absence of systolic blood pressure values in the analysed period. This likely caused further underestimation of pre-eclampsia in our study since isolated elevation of systolic blood pressure would be left out. However, this issue is compensated by Perined's independent recording of pre-eclampsia and eclampsia occurrences, which identifies women who satisfied the hypertension criterion for pre-eclampsia although diastolic blood pressure was in the normal range.
Interpretation
A 2017 Cochrane review of 45 randomized controlled trials concluded that aspirin's potential as an effective intervention for the reduction of pre-eclampsia and intrauterine growth restriction is dependent on its early introduction. The authors found that low-dose aspirin had modest or no impact on pre-eclampsia and intrauterine growth restriction incidence when initiated after completion of 16 weeks of gestation. [40] This finding is supported by multiple previous studies and highlights the necessity of early identification of pregnant women at risk of developing either complication, and who consequently may benefit from introduction of aspirin before reaching this critical time limit. [41] [42] [43] The results of our study may help in the efforts to identify women that will benefit from the introduction of aspirin.
Bartsch et al. published in 2016 a study that combined data from large cohort studies in an attempt to systematically assess risk factors for pre-eclampsia that are easily identifiable before the 16 th week. [18] Among the numerous risk factors evaluated, previous intrauterine growth restriction was the only one found to be not associated with increased risk of pre-eclampsia in a succeeding pregnancy. This finding was based on a single Canadian cohort of 55,537 for whom history of prior IUGR was available. IUGR was defined in that study as birthweight below the 10 th percentile according to the Canadian distribution plot. This method of assessment suffers from the same limitations present in our study discussed above, without considering effects for more severe SGA. Furthermore, of all women in the Canadian cohort, only 370 (0.7%) were identified to have this risk factor, whereas in our study the equivalent rate was 9.7%. This is likely one of the main reasons for the contrast with our findings.
Similar to our study, Voskamp et al. studied the recurrence of SGA using Dutch registry data. The authors concluded that women with hypertensive disorders in the 1 st pregnancy and women who delivered an SGA infant in the 1 st pregnancy were both at increased risk of SGA in the following pregnancy. Our results concur with the latter association, as do other studies, but the association regarding hypertensive disorders should be more nuanced. [20] [21] [22] As we were able to evaluate the impact of the previous gestational age at delivery, type of hypertensive disorder present and the interaction between these two factors, we were able to show that, other than history of SGA delivery, the main risk factor for SGA in a subsequent pregnancy is early preterm delivery, i.e., delivery before the 34 th week of gestation. After adjustment for these two factors, their interaction, and numerous other risk factors, the presence of hypertension in the 1 st pregnancy was not associated with increased risk of SGA in the subsequent pregnancy, unless in association with early preterm delivery.
Conclusion
Our finding that SGA delivery in a previous pregnancy is associated with increased risk of early and late onset pre-eclampsia even in the absense of hypertension and pre-eclampsia adds credibility to the hypothesis of common pathological mechanisms. Evidence linking early onset pre-eclampsia to increased risk of SGA in a subsequent pregnancy is more limited, since we found that women who delivered preterm without hypertensive disorders had similar increased risks. Nonetheless, it is clear that women who previously presented these complications may benefit from the introduction of low-dose aspirin before the 16 th week of gestation for the prevention of pre-eclampsia and SGA.
